Abstract In standardization NAA, it is necessary to characterize the neutron spectrum parameters such as epithermal neutron flux shape factor (a), thermal to epithermal neutron flux ratio (f), thermal neutron flux (u th ) and epithermal neutron flux (u epi ) in the irradiation facility to determine the concentration of an element in the sample using absolute and k 0 standardization methods. The a and f were determined using Cd-ratio multi monitor method using experimental data obtained in PUSPATI TRIGA Mark II research reactor at four irradiation positions (10, 20, 30 and 40) of the rotary rack. The calculated values of a and f ranged from 0.006 to 0.0281 and 18.56 to 19.12 respectively. The average values of u th and u epi were found as 2.33 9 10 12 and 1.23 9 10 11 n cm -2 s -1 respectively. Moreover, a comparison of the neutron flux parameters in the present study shows an acceptable level of consistency with those of previous studies.
Introduction
The PUSPATI TRIGA (training research and isotope: production by general atomic) Mark II reactor is the only nuclear research reactor in Malaysia. It is a pool type reactor whereby the reactor core is immersed in an open water-pool 2 m in diameter and 6.3 m deep and lined with aluminium. It is fueled with enriched 235 U (20 %) combined with zirconium hydride (U-ZrH) [1] [2] [3] [4] . Light water in the reactor tank is used as cooling agent. The reactor uses a two-loop cooling system (primary and secondary) for heat rejection. The primary coolant system consists of three pumps, a heat exchanger, temperature probes, a N-16 diffuser and associated valves and piping. The primary coolant is demineralised using Amberlite resin and is passed to reactor pool where it gets into contact with fuel elements and other metals parts. The secondary coolant system consists of secondary side (shell side) of the heat exchanger, three secondary pumps, two cooling towers, as well as flow meters and water temperature probes [5] . The reactor has a 2.5 m thick concrete wall to attenuate radiation and act as a shield from contamination. PUSPATI TRIGA Mark II is currently operated with thermal power capacity of 1 MW and has an average neutron flux 1-2 9 10 12 n cm -2 s -1 at the rotary rack and maximum neutron flux reached 1 9 10 13 n cm -2 s -1 at central thimble [2] . It produces neutron with energies ranging up to 10 MeV, mainly for neutron activation analysis (NAA) and other applications. A rotary rack (RR) is located at the top portion of the core inside the reflector, and contains 40 irradiation positions as shown schematically in Fig. 1 .
For absolute and k 0 methods of NAA, it is necessary to calibrate the neutron spectrum in the irradiation facility. Moreover, the full energy peak detection efficiency calibration of the detector have to be determined using absolutely calibrated point sources at a reference distance 15 cm from the detector, where true coincidence effects are negligible.
The aim of the present study was to determine the neutron flux parameters at four irradiation positions 10, 20, 30 and 40 of the PUSPATI TRIGA MARK II reactor and compare them with the results of the previous studies carried out at this reactor.
Methodology

Determination of a parameter
There are, in principle, three approaches to experimental a determination: Cd-ratio method, Cd-covered and bare Fig. 1 [6, 7] . The Cd-ratio multi-monitor method was applied in this work.
The ''Cd-ratio multi-monitor'' method A set number of physical suited monitors should be irradiated separately with and without a Cd-cover and induced activities are measured on a Ge-detector [7, 8] . If all monitors have r(m) * 1/m dependence up to *1.5 eV, a can be obtained as the slope (-a) of the straight line when plotting. , G e correction factor for epithermal neutron self-shielding and G th correction factor for thermal neutron self-shielding.
The equation itself is a function of a and thus an iterative procedure should be applied with a least square regression analysis to fit the experimental data to the straight line.
Mathematically, the final a-result of this iteration procedure is identical with the solving a-result from the equation below [7, 8] :
Determination of f parameter
The f parameter is defined according to Cd-ratio method as:
i.e. the ratio of the thermal (sub cadmium) to epithermal neutron fluency rate where, the ''sub cadmium'', neutrons with energy up to 0.55 eV (Cd cut-off energy E cd ), with reference to the definition of u th (conventional thermal fluence rate), and u epi is the conventional epithermal neutron fluence rate [7] . The f parameter is strictly related to Q 0 (ratio of resonance integral/thermal cross section); both parameters correspond to the Høgdahl formalism. The parameter f can be determined by the ''Cd-ratio'' method as follows:
Thermal and epithermal neutron flux
The thermal neutron flux u th n cm -2 s -1 is calculated as follows [9] :
where A Sp,Au specific count rate for Au (s
, e p,Au full-energy peak detection efficiency for Au and epithermal neutron flux u epi n cm -2 s -1 is calculated as:
Experimental
Efficiency calibration of c-spectrometer
The c-spectrometry measurements were carried out with a coaxial HPGe detector coupled with Canberra GC3018 of crystal length 41 mm, diameter 62 mm, relative efficiency 33 % which is connected to an 8,192 channel computerized multi-channel analyzer (MCA), and energy resolution (FWHM) of 1.8 keV for 1.3 MeV c-energy of 60 Co. Also the detector has a high peak-to-Compton ratio of 62, which is expressed as the ratio of maximum counts in the peak channel to the average number of counts in the Compton plateau region. The integrated signal processor consists of a pulse height analysis system to transform pulses, which are finally collected by a computer based multi-channel analyzer (MCA), and analysis preformed with Genie 2000 software. Six standard gamma point sources namely 241 Am, 57 Co, 133 Ba, 152 Eu, 137 Cs and 60 Co with nine different energies were measured under identical geometry at three sourcedetector distances of 5, 10 and 15 cm for counting time of 1,000 s to obtain minimum photo-peak fitting errors. Figure 2 shows the efficiency curve of Canberra GC3018 HPGe detector at 15 cm source detector distance.
Determination of reactor neutron spectrum parameters
A set of monitors were prepared using the following materials: Al-0.1 %Au wire (IBMM-530R, diameter 0.5 mm, Au purity, 99.9845 %), Zr foil (99.8 %, thickness 0.127 mm, A Division New metals & Chemicals Ltd) and Co wire (99.99 %, diameter 0.25 mm, Goodfellow Cambridge limited). These monitors were selected with low Q 0 , where the effective Cd-cut-off energy E Cd be very close to 0.55 eV. The weighing of the monitors were carefully carried out using the same Electronic Micro Balance (Au and Co approximately 2 mg; Zr approximately 6 mg), and on the same day in order to eliminate the systematic error due to weighing of small masses [1] . Known amount of the monitors were cut into roughly equal pieces and rolled spirally. Two set of this monitors were prepared. One set was irradiated without cdmium-cover and another irradiated with cadmium of 1 mm thickness. The monitors were packed together in a standard polyethylene vial. The vials were chosen with 1 cm diameter and 3 cm length and then cut back to 1 cm length. The monitors under vial were irradiated for 3 h and under Cd-covered irradiated for 4 h at maximum thermal power of 750 KW. The rotary rack was rotated throughout the irradiation process. The irradiated monitors were allowed to decay with an appropriate cooling time. After 1 day cooling, all the monitors were counted at 10 cm distance from the calibrated HPGe detector with counting time 5-1,800 s for Au and Co respectively, and 1 h for Zr in order to obtain suitable counts [1] . Table 1 shows a list of suitable monitors together with the relevant nuclear data used in this work. A simple code program written in MATLAB is developed to calculate a at four irradiation positions 10, 20, 30 and 40 of rotary rack. Calculation of a was done using iterative linear regression using MATLAB program. Figure 3 illustrates a flow chart of the program used for the calculation of a parameter.
Analysis of CRM
The first step is to evaluate the appropriate results obtained in reactor characterization for absolute method and check the experimental parameters obtained. The neutron activation of certified reference material IAEA SL-1 (Lake Sediment) was carried out at irradiation position 10 of rotary rack. Approximately 200 mg of sample was weighted and irradiated in the calibrated position of rotary rack facilities. The sample was sealed in a plastic and enclosed in polyethylene vial. The sample was then irradiated for 5 h. During the first period, after 3 days from the end of irradiation, radionuclides of As, La, Na, Sm, K, Sc and Ga were measured at 10 cm from the detector. Other radionuclides were analysed after 15 days to 1 week [10] . A large number of gamma ray spectra were collected for the irradiated SL-1 sample that are placed at 5 cm from the calibrated detector. The irradiated sample was measured using calibrated Canberra detector with Genie 2,000 software. The measurement time was 1 h. The elemental concentrations have been calculated from experimental data using to the formulae described in Ref. [1] . The nuclear data of radioisotopes required for the absolute neutron activation technique were taken from the compiled literature data shown in Table 2 [11, 12] . Fig. 3 Flow chart for calculating a factor using MATLAB
Results and discussion
Knowledge of the neutron flux shape factor (a) in the irradiation position of rotary rack is required for correction of the resonance integral values I(a) in the 1/E 1?a epithermal neutron flux distribution. Table 3 shows the results of neutron flux parameters at four irradiation positions 10, 20, 30 and 40 of the reactor. The epithermal neutron flux shape factor (a) is obtained from Cd-ratio multi-monitor methods after six iterations of linear regression method written in MATLAB software program. The a was found in the range of 0.006-0.0281 with an average 0.0192 and relative standard deviation (RSD) of 41.67 %. The parameter a depends on the reactor configuration and its value increases with the distance from the core of the reactor. A higher thermalization is associated with a larger positive a value which corresponds to softening of the epithermal spectrum as compared to the ideal 1/E-distribution. In case of poor thermalization the a-value becomes negative, thus corresponding to a hardening of epithermal spectrum [7, 13, 14] . The positive values of a could be attributable to higher thermalization in the reactor during our study. The f parameter ranged from 18.56 to 19.12 with an average value of 18.85 and RSD of 1.27 %. Equations (6) and (7) were used to evaluate the thermal neutron flux (u th ) and epithermal neutron flux (u epi ), which were found to range from 2.29 9 10 12 to 2.35 9 10 12 n cm -2 s -1 and from 1.20 9 10 11 to 1.26 9 10 11 n cm -2 s -1 respectively. The average values and RSD of u th and u epi were 2.33 9 10 12 n cm -2 s -1 with RSD of 3.43 % and 1.23 9 10 11 n cm -2 s -1 with RSD of 1.63 %, respectively. The low RSD values of u th and u epi indicate a homogeneous neutron flux due to the rotation of rotary rack (RR) positions during the irradiation of the samples.
The neutron flux parameters of the present study compared with previous results obtained in this reactor are presented in Table 4 . It can be seen that some deviation in our results and previous studies, the differences may have been due to differences in the reactor's methods of neutron flux distribution since the reactor used for the present study had a rotated system of RR channels for irradiation of samples; therefore, neutron flux distribution was homogeneous in our study. Previous studies, on the other hand, used non-rotary system of RR channels during irradiation with the exception the study of Yavar et al. [3, 4] . Fuel burn up, control rods positions, operation system and other factors like pressure drop in the one-phase and two-phase flow areas within the core were also among the parameters that could affect the deviations [2] . Moreover, the variation of thermal to epithermal neutron flux ratio, f may have arisen from the shape of the RR container as the length axis of container was not precisely parallel to the length axis of the fuel elements, leaving some space between the container and the inner side of the irradiation tube [2, 3] . Furthermore, another factor in this variability could be the number of irradiation channels used. As shown in Table 4 , the results in present work show a good agreement with those reported in previous studies of Wee et al. and Yavar et al. [4, 15] . In general, all reported results are shown an acceptable level of consistency with those of previous studies.
In order to check the experimental parameters in this study, irradiations were performed in irradiation positions under study using certified reference material SL-1 of lake sediment. The accuracy of the SL-1 in term of concentration were statistically evaluated using Z-score for comparison between experimental results and certified values. A good agreement was recorded between the determined concentrations of interest elements in SL-1 as reported in Table 5 . Z-score within 0\ Z j j\2, hence the results are coherent with certified values. A good coincidence indicates that the calibration reactor neutron flux parameters were well determined.
Conclusions
Results from this study showed that there are slight variations of neutron spectrum parameter values between present and previous results obtained for PUSPATI TRIGA Mark II reactor. However, the results showed that the neutron flux parameters have not changed significantly over the years. 
